Long INterspersed Element-1 (LINE-1, L1) is an active retrotransposon that mobilizes using a ribonucleoprotein particle (RNP) intermediate composed of the full-length bicistronic L1 mRNA and the two proteins (ORF1p and ORF2p) encoded by that mRNA. ORF1p and ORF2p demonstrate cis-preference for their encoding mRNA. Previous studies of ORF1p, purified from bacterial and insect cells demonstrated that this protein forms trimers in vitro. While valuable for understanding ORF1p function, these in vitro approaches do not provide any information on ORF1p selfinteraction in the context of mammalian cells. We used a mammalian two-hybrid (M2H) system in order to study L1 ORF1p self-interaction in human and mouse cells. We demonstrate that the M2H system successfully detects human and mouse ORF1p self-interactions in transiently transfected mammalian cells. We also generated mouse and human ORF1p-specific antibodies to characterize the expression of ORF1p fusion proteins used in the M2H system. Using these antibodies, we demonstrate that ORF1p interaction in trans leads to the formation of heterodimers that are expected to produce a positive signal in the M2H system. Although the role for L1 ORF1p cis-preference in L1 mobilization is established, the impact of ability of ORF1pto interact in trans on the L1 replication cycle is not known. Furthermore, western blot analysis of ORF1p generated by a full-length L1, wild type ORF1, or a codon-optimized ORF1 expression vector is detected in the nucleus. In contrast, the addition of a tag to the N-terminus of the mouse and human ORF1 proteins can significantly alter the subcellular localization in a tag-specific manner. These data support that nuclear localization of ORF1p may contribute to L1 (and potentially the SINE Alu) RNP nuclear access in the host cell.
Introduction
Long INterspersed Element-1 (LINE-1, L1), an autonomous non-long terminal repeat retrotransposon, has contributed greatly to the evolution of the human genome through retrotransposition of itself and facilitation of retrotransposition of the parasitic SINE Alu and SVA elements [1] [2] [3] . There are roughly 500,000 related copies of L1 distributed throughout the human genome [4] . Though the majority of these loci are 5'-truncated, there are 80-100 full-length L1 copies that are predicted to retain activity [4] [5] [6] [7] [8] . A full-length, autonomous L1 is composed of a 5' untranslated region (UTR) with an internal promoter, two open reading frames (ORF1 and ORF2), and a 3' UTR ending in a polyA site and associated polyA tail [9, 10] . ORF1 and ORF2 proteins (ORF1p and ORF2p) are translated from the bicistronic L1 mRNA [11] and, potentially, from prematurely polyadenylated and spliced L1 mRNAs [12, 13] . Association of ORF1p, ORF2p, and the full-length L1 mRNA which generated these proteins into a ribonucleoprotein particle (RNP) is required for L1 retrotransposition [1, 14] . The protein components of the L1 RNP exhibit cis-preference for their encoding L1 mRNA, thereby limiting the retrotransposition of cellular mRNA and L1 mRNA produced by defective L1 loci [15, 16] .
ORF1p is a 40 kDa protein with an N-terminal domain, coiled-coil domain (CCD), an RNA recognition motif (RRM) and a C-terminal domain (CTD) [17] . ORF1p exhibits RNA binding and nucleic acid chaperone properties, which are required for L1 mobilization [14, 18] . Human and mouse ORF1p (hORF1p and mORF1p) trimerize through their respective CCDs and associate with their corresponding full-length mRNAs, a process that is crucial for L1 RNP formation [19] [20] [21] [22] . It is estimated that an ORF1p trimer occupies about 50 nucleotides on the template RNA, suggesting that ORF1p trimers may be the most abundant component in the L1 RNP [20] [21] [22] .
As part of the L1 replication cycle, the L1 RNP must enter the nucleus. While this is an essential step for L1 amplification, the mechanism of L1 nuclear entry is currently unknown. It has been suggested that L1 ORF2p plays a role in the nuclear localization of the L1 RNP [23] , while any contribution of L1 ORF1p to the subcellular localization of the L1 RNP is poorly understood. ORF1p fused to a green fluorescent protein (GFP), as well as other tags, has been detected primarily in the cytoplasm by immunohistochemistry (IHC) [24] . The cytoplasmic localization of this fusion protein was affected by various truncations of the ORF1p portion of the chimeric protein [24] . Recently, endogenously expressed ORF1p has been detected by IHC in both the nuclei and cytoplasm of cells of human tumor samples collected from patients with different disease stages [25, 26] . Nuclear and cytoplasmic L1 ORF1p was also reported to interact with multiple cellular proteins in both compartments [27] . These data demonstrate that the subcellular localization of ORF1p may vary depending on the cell type, and suggest the possibility that its localization may be affected by the addition of tags. While these examinations of ORF1p localization are, by necessity, carried out in vivo, studies dealing with ORF1p self-interaction have almost exclusively been performed in vitro.
The majority of the critical findings regarding ORF1p trimerization have been made in vitro using human or mouse proteins purified from E. coli or baculovirus-infected insect cells [18] [19] [20] 22] . The ORF1p behavior in vitro is presumed to translate to the mammalian environment. However, limited experimental information exists concerning the properties and functions of ORF1p in mammalian cells. While the data acquired in vitro are invaluable, these approaches are also laborious, technically challenging, and do not account for the potential influence of host cellular factors on ORF1p selfinteraction. Recently, many cellular proteins have been reported to interact with L1 ORF1p in the nucleus and cytoplasm [27, 28] , suggesting that cellular factors, unaccounted for in in vitro approaches, may influence the behavior of ORF1p. To capture L1 ORF1p self-interaction in a more biologically relevant manner, we used the mammalian two-hybrid system (M2H). A major advantage of utilizing this approach is that it recapitulates some aspects of ORF1p biology related to L1 replication cycle such as ORF1p selfinteraction. From here on, the ORF1p self-interaction is defined as dimerization or trimerization of ORF1p molecules translated from the same or different mRNAs.
Our data demonstrate that the M2H system detects human and mouse ORF1p self-interactions in transiently transfected human and mouse cells. Using polyclonal antibodies specific to human and mouse ORF1p, we demonstrate that the interactions detected by the M2H system are due, at least in part to the formation of heterodimers in trans. ORF1p heterodimerization in trans or self-interaction in trans is defined as the interaction between ORF1 proteins made from different mRNAs. ORF1p heterodimerization occurs with various efficiencies in human and mouse cells as detected by western blot analysis and the M2H system. We also detected significant presence of ORF1p in the nucleus and demonstrate that the fusion of various tags to the N-terminus of the ORF1p alters its localization in a tag-specific manner. Nuclear localization of the untagged L1 ORF1p expressed from the full-length wild type (wt) L1 supports the theory that L1 ORF1p may assist L1 RNPs in gaining access to the nucleus.
Results

Mammalian two-hybrid system detects human and mouse ORF1p self-interaction
We used the mammalian two-hybrid system (M2H) to assess ORF1p self-interaction in transiently transfected mammalian cells. The M2H system utilizes three expression vectors that allow for testing interactions between two specific proteins ( Figure 1A ) which are fused to either a GAL4 DNA-binding domain or a VP16 transcriptional activation domain. The GAL4 binding domain of the interacting pair is expected to bring cellular transcription machinery recruited by the VP16 activation domain to a reporter plasmid containing GAL4 binding sites upstream of a promoterless firefly luciferase gene. Therefore, luciferase activity is detected only if the GAL4-and the VP16-fused proteins stably interact in mammalian cells ( Figure 1A ). The positive control used in both HeLa and 3T3 cell lines is the interaction between MyoD, a myogenic regulatory protein, and Id, a negative regulator of myogenic differentiation. The negative control is GAL4-fused ORF1 codon-optimized (GORF1co) cotransfected with untagged ORF1co. Both human and mouse ORF1p trimerize and multimerize in vitro [19, 20] . If these interactions are preserved in the mammalian environment, the M2H system is expected to detect interactions between ORF1 GAL4 and VP16 homotrimers or monomers, provided that ORF1p can interact in trans. ORF1p interactions in trans are defined as interactions between two or more ORF1 proteins generated from different mRNAs.
We assessed human ORF1p self-interactions using the M2H system by subcloning codon-optimized ORF1 sequences [29, 30] into the GAL4 and VP16 expression vectors (see material and methods and Table S1 ). Transient transfection of HeLa cells with human codon-optimized GAL4-and VP16-ORF1 fusion expression plasmids (hGORF1co and hVORF1co) detected robust ORF1p self-interaction ( Figure  1B) . Weaker human ORF1p self-interaction was detected in mouse NIH-3T3 cells as compared to human cells ( Figure 1B) . Analysis of luciferase activity in cells transiently transfected with GAL4-and VP16-fused codon-optimized mouse ORF1 expression plasmids [30] (mGORF1co and mVORF1co, respectively) demonstrated that HeLa cells supported more efficient self-interaction of mouse ORF1p than did NIH-3T3 cells ( Figure 1C , mG/VORFco). In all experiments, Renilla luciferase generated from the GORF1 expressing plasmid was used to normalize for transfection efficiency.
To determine whether self-interaction of human and mouse ORF1 proteins produced by wild type (hORF1wt and ORF1 Protein Self-Interaction in Mammalian Cells PLOS ONE | www.plosone.orgmORF1wt) rather than codon-optimized L1 ORF1 sequences can be detected by the M2H system, we subcloned wt human and wt mouse ORF1 sequences into the M2H expression vectors. Figure 1C demonstrates that mouse ORF1p produced from the wild type ORF1 sequence can self-interact as efficiently as the protein generated from the plasmid containing codon-optimized ORF1 sequence when transiently transfected in HeLa cells ( Figure 1C , mG/VORF1wt and mG/VORF1wt). However, there was no self-interaction detected for the human ORF1p generated from the wt expression plasmid in either cell line ( Figure 1B) . We also tested the possibility that mouse and human ORF1p may interact with one another in mammalian cells. Cotransfection of M2H plasmids expressing hORF1co and mORF1co fusion proteins in HeLa and NIH-3T3 cells did not produce any luciferase signal, demonstrating the species specificity of ORF1p interactions ( Figure S1 ). These data demonstrate that the M2H system successfully detects specific ORF1p self-interactions in mammalian cells. This system complements existing in vitro methods and provides a unique alternative for testing ORF1p interactions.
ORF1 protein expression in human and mouse cells
The difference in relative ORF1p self-interactions observed between human and mouse cells as well as the lack of detectable self-interaction between the human ORF1 fusion proteins generated from wt plasmids prompted the investigation of expression of the ORF1 fusion proteins in these cell lines. To accomplish this analysis, we generated human and mouse L1 ORF1p-specific antibodies ( Figure S2A and S2B). Western blot analysis of human ORF1p produced by the plasmids containing codon-optimized ORF1 sequence (hORF1co, expected size 40 kDa), GAL4-(hGORF1co, expected size 57 kDa) or VP16-ORF1co (hVORF1co, expected size 49 kDa) sequences demonstrated similar steady-state levels of total protein for each of these constructs in both human and mouse cells (Figure 2A) . A similar result was observed for the respective mouse proteins, mORF1co (expected size 47 kDa due to a T7-Myc-His tag), mGORF1co (expected size 60 kDa), mVORF1co (expected size 52 kDa) ( Figure 2B ), demonstrating that the overall protein expression did not account for the differences detected by the M2H system ( Figure 1B and 1C) .
Western blot analysis of the total ORF1 protein generated by the M2H expression plasmids containing wt human L1 ORF1 sequences, hGORFwt (expected size 57 kDa) and hVORFwt (expected size 49 kDa), did explain the lack of signal from these expression plasmids in the M2H assay ( Figure S3A ). No detectable protein was produced by either one of these plasmids, even when transfection conditions were manipulated in an attempt to increase the signal (data not shown). In contrast, the unfused human ORF1p expressed by the fulllength wt L1 (hL1wt, expected size 40 kDa) or ORF1 expression plasmids (hORF1wt , expected size 41 kDa due to a T7 tag, hORF1co, expected size 40 kDa) was readily detectable in HeLa cells ( Figure S2A ). We speculate that our inability to detect human fusion proteins generated from wt plasmids can be explained by splicing between L1 splice sites and an intron present in the M2H expression vectors [13, 31, 32] . Western blot analysis of ORF1 protein generated by the wt mouse L1 ORF1 sequences subcloned into the M2H expression vectors detected mouse GAL4 and VP16 fusion proteins in HeLa cells ( Figure S3B , nuclear fraction). However, the steady-state levels of mVORF1wt were significantly reduced in comparison to the mGORF1wt protein. Western blot analysis of the corresponding mouse proteins demonstrate that mGORF1wt, but not mVORF1wt, is expressed in NIH-3T3 cells ( Figure S3C ), providing an explanation for the difference in the M2H signal between the two cell lines ( Figure 1C ).
Subcellular localization of human and mouse ORF1 proteins
While the total steady-state protein levels of GAL4-and VP16-fused human ORF1 generated from codon-optimized expression plasmids do not differ between NIH-3T3 and HeLa cells, the subcellular localization of these fusion proteins may vary between the cell lines and potentially have an impact on the interactions required to produce a signal in the M2H system. We performed nuclear/cytoplasmic fractionation of HeLa and NIH-3T3 cells transiently transfected with codonoptimized expression plasmids generating untagged, GAL4-, or VP16-fused ORF1p. Western blot analysis demonstrated that untagged hORF1co and GAL4-fused hGORFco are detected predominantly in the nucleus of both cell types ( Figure 3A and B). In contrast, a much higher proportion of the VP16-fused ORF1p (i.e., hVORF1co vs. hORF1co) is detected in the cytoplasmic fractions of HeLa and NIH-3T3 cells ( Figure 3A and B), despite the fact that the VP16 fusion ORF1p contains a nuclear localization signal (NLS). The quantification of western blot results was done by normalization of the ORF1p signal in each fraction to its respective loading controls (GAPDH and Lamin A). The relative nuclear and cytoplasmic ORF1p was calculated as a percent of the combined nuclear and cytoplasmic ORF1p detected in each cell type ( Figure 3A and B). Western blot analysis of the respective tagged and untagged mouse ORF1 proteins demonstrated the same pattern of subcellular distribution as was detected for the human ORF1p ( Figure 3C and 3D ). These results demonstrate that ORF1p subcellular localization can be significantly altered by the addition of an N-terminal tag.
Human ORF1p C-terminally-fused to a green fluorescent protein (ORF1-GFP) has been previously reported to localize predominantly to the cytoplasm when detected by immunohistochemistry (IHC) [24] . Recently, endogenous L1 ORF1p was detected by IHC in the nuclei of human tumor samples [25, 26] , suggesting that the presence of a tag or the cell type may influence subcellular localization of the ORF1 protein. Figure 3 demonstrates that human and mouse ORF1 proteins expressed from the plasmids containing codonoptimized L1 ORF1 sequence predominantly localize to the nucleus, as do the GAL4-fused versions of both proteins (hGORF1co and mGORF1co), in both HeLa and NIH-3T3 cells. In contrast, both human and mouse ORF1 proteins fused to VP16 were found in the nucleus and cytoplasm of HeLa and NIH-3T3 cells ( Figure 3 , hVGORF1co and mVORF1co). To rule out any potential influence of codon-optimization on the subcellular localization of ORF1p, we examined the subcellular localization of ORF1 proteins expressed from plasmids containing wt L1 and ORF1 sequences. Figures 4A and 4B demonstrate that ORF1p expressed by the plasmid containing wild type ORF1 sequence or by the wild type full-length human L1 is found predominantly in the nuclear fraction of human (HeLa and PC3, Figure S4A ) and mouse (NIH-3T3) cells ( Figure 4C ). The plasmid containing wt ORF1 sequence expresses an ORF1p that is C-terminally fused to a T7 tag. Our data demonstrate that the T7 tag does not alter ORF1p subcellular localization consistent with the report that this tagged ORF1p supports L1 retrotransposition [15] . Similarly, ORF1 Protein Self-Interaction in Mammalian Cells PLOS ONE | www.plosone.org Figures 3 and 4 show western blot results obtained by comparing equal amounts of protein collected from nuclear and cytoplasmic fractions. This approach does not take into account the fact that these total amounts represent different percentages of the total protein harvested from each compartment. Loading equal percentages of the total protein harvested from each compartment shows that hORF1p is still predominantly detected in the nuclear fraction of transiently transfected cells ( Figure S4B ).
It is possible that the time elapsed between transfection and protein harvest, as well as the intracellular concentrations of ORF1p, could affect its subcellular localization. ORF1p produced from the full-length human L1.3 expression vector was detected predominately in the nucleus as early as 12 hours after transfection ( Figure S4C ). This finding supports that ORF1p nuclear localization is present as soon as the protein has reached detectable levels. Western blot analysis of nuclear and cytoplasmic fractions from HeLa cells transiently transfected with increasing amounts of codon-optimized human ORF1p is detected in nuclear (N) and cytoplasmic (C) fractions with human-specific ORF1p polyclonal antibodies. GAPDH (cytoplasmic marker) and Lamin A (nuclear marker) are used as loading and cell fractionation controls. 37 kDa is a molecular marker. Control lanes indicate cells transfected with empty vector. (bottom) Quantitation of western blot results: each construct expressing hORF1p was normalized to its respective GAPDH and Lamin A loading controls. The relative amounts of nuclear and cytoplasmic ORF1p were calculated as a fraction of the relative total ORF1p detected. No statistical significance was found between the subcellular localization of ORF1p expressed by the above-described constructs. B. The same experiment and analysis as in A was performed in NIH-3T3 cells. No statistical significance was found between the subcellular localization of ORF1p expressed by the above-described constructs. C. Subcellular localization of mORF1p (green rectangle labeled as mORF1) transiently expressed from the full-length mouse L1 (mL1wt) or codon-optimized mORF1 (mORF1co) in HeLa or NIH-3T3 cells using mouse specific polyclonal antibodies. 50 kDa is a molecular marker. Figure S4D ).
To further eliminate the influence of methodological artifacts on the ORF1p subcellular localization, we tested different processing and centrifugation conditions for nuclear/ cytoplasmic fractionation ( Figure S4E ), all of which resulted in ORF1p detection in the nucleus. These data support our observation that the difference in the subcellular localization of the human and mouse VORF1 proteins, when compared to the unfused ORF1p appears to be tag-specific, as both human and mouse GAL4-ORF1 fusion proteins retain their nuclear localization (Figures 3 and 4) . This tag-specific effect on L1 ORF1p localization should be taken into consideration when conclusions about L1 ORF1p biology are drawn from the studies of tagged proteins.
Heterodimer formation by the ORF1 proteins expressed from different mRNAs (heterodimerization in trans)
Our above-described approaches eliminated differing protein levels and subcellular localization as reasons contributing to the difference in the hORF1p self-interactions detected using the M2H assay in human and mouse cells (Figure 1 ). To identify the reason for this observed difference, we next determined which type of ORF1p interaction is responsible for the signal detected by the M2H system. Interactions between ORF1p homotrimers [20] as well as ORF1p self-interaction in trans could lead to transcriptional activation and expression of the reporter gene in the M2H system.
It is known that protein-protein interactions can be stabilized by disulfide bonds. It has been previously demonstrated that ORF1p trimerization can be stabilized by disulfide bonds in vitro [19, 20] . Traditional reducing SDS-PAGE protein fractionation eliminates these bonds, subsequently leading to the detection of only ORF1p monomers. However, under nonreducing fractionation conditions, these covalent interactions are preserved. Western blot analysis following non-reducing SDS-PAGE of hORF1co and hGORF1co individually transfected in HeLa cells readily detected different species of ORF1p including monomers, homodimers, and homotrimers ( Figure 5B ). Homodimer size is specific to each protein because of the difference in the size of monomers (hGORF1co, 57 kDa, versus hORF1co, 40 kDa). If these proteins can form a heterodimer by interacting in trans, a unique band is expected to be detected in cells cotransfected with both expression plasmids ( Figure 5A , middle lane). Indeed, coexpression of the tagged and untagged ORF1 proteins in HeLa and NIH-3T3 cells produced the predicted band of molecular weight consistent with a hORF1co/hGORF1co heterodimer ( Figure 5B and C, asterisk). Figure 5D demonstrates that human cells support a more efficient ORF1p interaction in trans than do mouse cells, providing a plausible explanation for the difference in the ORF1p self-interaction detected by the M2H system ( Figure 1B ). ORF1p trans interaction is not unique to the protein produced by the codon-optimized expression plasmid, as coexpression of hORF1wt and hGORF1co proteins also leads to heterodimer formation in HeLa cells. The detection of this heterodimer using both human ORF1p-and T7-specific antibodies (hORF1wt contains a unique T7 tag) demonstrates the presence of the hORF1wt protein in this unique band ( Figure S5A and B) . Together these data demonstrate that ORF1 proteins produced from different mRNAs can interact in trans.
The disulfide bonds that enable the above observations could have originated either in the cell or during cell lysis [33] [34] [35] . To determine the origin of disulfide bonds between ORF1 proteins, total cell lysates were collected in the presence of N-ethylmaleimide (NEM), which prevents de novo disulfide bond formation. Western blot analysis following non-reducing SDS-PAGE separation of these samples demonstrated a significant reduction of observable ORF1p dimers and trimers ( Figure S6A) , supporting that the majority of the disulfide bonds between ORF1p monomers occur during protein harvesting. Despite this, we contend that disulfide bond formation during lysis and harvest allows the capture of ORF1p self-interactions which occur within mammalian cells, as these bonds can only form between closely interacting proteins [33] (as also demonstrated by the following control experiments).
We wished to further test whether the disulfide bonds between the ORF1p monomers could be formed either during cell lysis or sample processing. We performed a control experiment by comparing HeLa cells either cotransfected with GAL4-fused or non-fused ORF1 expression vectors, or separately transfected with those vectors and subsequently mixed together ( Figure S6B ). ORF1p heterodimerization may not be unique to the mammalian environment and the disulfide bonds may be formed during sample processing as opposed to during lysis of the cell. If either one of these possibilities is true, then the heterodimer band is expected to be detected by western blot analysis on the samples harvested from cells separately transfected with each expression vector and mixed prior to protein harvesting. Figure S6C demonstrates that ORF1p heterodimerization is only detected when ORF1 proteins are coexpressed in mammalian cells, as no ORF1p heterodimerization was observed when cells separately expressing GAL4-fused or non-fused ORF1 proteins were combined prior to sample processing.
Furthermore, we investigated whether heterotrimer formation was possible outside the context of the intact cell as a function of time elapsed during sample processing. Protein samples harvested from cells transfected with either hORF1 or hGORF1 expression plasmid were mixed and incubated on ice in the presence or absence of NEM ( Figure S7A ). Western blot analysis of these mixed samples demonstrated that the ORF1p heterodimers cannot form in vitro under the conditions tested, as no unique bands (predicted as a result of said heterodimer formation) were observed ( Figure S7B ). Sonication of protein samples in the presence or absence of NEM also had no effect on ORF1p heterodimer formation ( Figure S8A and B) .
Combined, these results demonstrate that heterodimer formation by the ORF1 proteins produced by the M2H expression plasmids in mammalian cells is a definite source of the signal detected by the M2H system. However, it may not be the only source of the signal because we cannot rule out the possibility that interactions between homotrimers could potentially contribute to the signal. Importantly, ORF1p ORF1 Protein Self-Interaction in Mammalian Cells PLOS ONE | www.plosone.org monomers can efficiently self-interact in trans. Quantitative analysis of heterodimerization efficiency between hGORF1co and hORF1co in HeLa and NIH-3T3 cells demonstrated that human cells supported ORF1p trans interaction more efficiently than did mouse cells ( Figure 5D ), providing a reasonable explanation for the difference in the ORF1p self-interaction between these cells as detected by the M2H system (Figure 1 ).
Discussion
LINE-1 is the only currently active autonomous non-LTR retroelement in the human genome. It is responsible for the retrotransposition of itself and its parasites, the human SINE Alu and SVA elements [1] [2] [3] . The L1 replication cycle begins with the transcription of a functional L1 locus and ends with an L1 copy integrated in a new genomic location. The necessary replication cycle steps include L1 mRNA gaining access to the cytoplasm, where translation of the two L1 encoded proteins (ORF1p and ORF2p) takes place, followed by assembly of the functional L1 RNPs composed of the L1 mRNA andL1-encoded proteins [36] . These interactions exhibit a very strong cispreference in mammalian cells [16] . In the context of L1 retrotransposition, cis-preference is understood to be the propensity of the L1 translated proteins to associate with their encoding RNA (constituting the L1 RNP), as opposed to other RNAs (either cellular or generated by other L1 loci). Thus, according to this model, there is expected there is a preference for trimerization between ORF1 proteins made from the same mRNA. Through a yet unknown mechanism, the RNPs return to the nucleus and interact with genomic DNA to initiate integration through target primed reverse transcription [37, 38] , a process which most likely depends on the many reported properties of the ORF1p [17] .
Studies using in vitro systems have generated many important discoveries about human and mouse ORF1p selfinteraction [18] [19] [20] . The CCD motif of the mouse ORF1p was identified to be a requirement for trimerization [14] . Despite the deletion of 7 out of 14 heptad repeats constituting the CCD, this observation was later confirmed for the human ORF1p when its crystal structure was solved [21] . A single cysteine present within the mouse ORF1p coiled-coiled domain was reported to be involved in the mouse ORF1p trimerization [19] . The human L1 ORF1p contains four cysteine residues, whose involvement in the trimerization process is not yet established, as most of the coiled-coil domain of the crystallized human ORF1p was deleted.
Many (if not all) steps of the L1 replication cycle are downregulated by the host [36] , most likely in an attempt by the host to mitigate the potential for genomic instability that can arise from an overly enthusiastic retroelement [29, 39] . Thus, understanding ORF1p self-interaction in the mammalian environment is important for identifying any potential cellular mechanisms controlling ORF1p assembly. We utilized a mammalian two-hybrid system that captures the ability of both human and mouse ORF1 proteins to self-interact in trans in cultured mammalian cells (Figure 1) . This system has many benefits for future L1 ORF1p studies, which are synergistically amplified when applied in combination with more traditional in vitro techniques. Among these advantages is the ease of the approach and detection of ORF1p self-interactions in the cellular environment. As the approach relies on transient transfections, the ORF1p selfinteractions can be easily and rapidly tested in multiple cell types. The system does not require high protein expression levels, as both the codon-optimized and wild type mouse ORF1p produced a similar signal ( Figure 1C) . Furthermore, the effects of various treatments (particularly those affecting retrotransposition without altering L1 expression) on L1 ORF1p self-interaction could be conducted in different cell types. Finally, the system could also be used for detection and mechanistic studies of ORF1p interactions with specific cellular proteins or for testing the effects of overexpression or depletion of specific cellular factors on L1 ORF1p interaction. Additionally, a positive readout in the M2H system mimics steps of the L1 replication cycle related to ORF1p biology.
As is the case with any experimental system, the M2H has its limitations. One of the main limitations of the system is that it cannot distinguish which ORF1p trans-interactions produce the positive signal, as trans interactions between monomers or homotrimers could contribute to the signal. Thus, the M2H assay cannot replace traditional in vitro approaches that clearly distinguish between these types of interactions. Furthermore, some wild type sequences, such as the wt human ORF1, may not produce any protein when subcloned into the M2H expression vectors, possibly due to the presence of functional splice sites [13, 31, 32] (Figure S3A )
Characterization of ORF1p self-interactions using the M2H system resulted in a number of discoveries concerning ORF1p self-interaction. Although it has been previously reported that L1 proteins exhibit a strong cis-preference [16] (presuming that L1 ORF1p trimers are formed by the proteins translated from the same mRNA), we detected robust levels of ORF1p interaction between ORF1 proteins, which were produced from separate ORF1 expression plasmids ( Figure 5 and Figure S5 ). While these results may initially seem to contradict previous observations, we think that they expand our understanding of ORF1p biology without arguing against cis-preference. While the significance of cis-preference in the L1 replication cycle is well understood, the effects of ORF1p trans interactions remain almost completely unexplored in respect to their significance to the L1 amplification. Indeed, it has already been reported that ORF1p enhances Alu retrotransposition [29] , which is in itself reliant upon a type of trans interaction.
ORF1p trans interaction may have important biological implications for the L1 replication cycle. There are many more L1 loci in the human and rodent genomes with non-functional ORF1p than those that are competent for retrotransposition [40] . Additionally, some prematurely polyadenylated and spliced L1 mRNAs [12, 13] have the potential to produce functional and non-functional ORF1 proteins. Many of these defective loci are expressed in human cells, possibly providing a pool of non-functional ORF1p that may interact in trans with functional ORF1p most likely creating non-functional trimers with an as-yet unknown effect on retrotransposition of functional L1 elements.
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The non-reducing western blot analysis of the ORF1p selfinteraction demonstrated that disulfide bonds formed during cell lysis stabilize ORF1p interactions preexisting within mammalian cells ( Figure 5 and Figures S5-S8 ), potentially providing a glimpse into the coordination of ORF1 monomers within the trimeric structure. It is known that these cysteine residues must be in extremely close proximity to one another for such bonds to form. Thus, the formation of these bonds is indicative of the very tight association that occurs between ORF1p monomers within the cellular context. Equally important is the observation that heterodimers with resultant disulfide bonds cannot be formed by the simple mixing of cellular lysates during harvest, demonstrating the importance of the cellular context to heterodimer formation.
While characterizing ORF1p self-interaction in the M2H system, we also observed that a substantial proportion of hORF1p and mORF1p localize to the nucleus in both HeLa and NIH-3T3 cells ( Figures 3, 4 and Figures S3B, S3C, and S4 ). This pattern of subcellular localization was detected with GAL4-tagged ORF1 proteins expressed from codon-optimized vectors, and with the ORF1p generated from both wild type and codon-optimized ORF1 plasmids, and most importantly from wild type full-length L1 expression plasmids( Figure 4A and 4B). The dose curve experiment ( Figure S4D) , along with the comparisons of ORF1p expression between codon-optimized and wild type expression plasmids (Figure 4) , demonstrate that the predominantly nuclear localization of ORF1p is not concentration dependent within the parameters of our experiments. The time course experiment confirmed that the abundant nuclear presence of ORF1p is not time dependent (Figures S4C and S4D ). These findings are consistent with reports of nuclear detection of the endogenously expressed ORF1p in human tumor samples [25, 26] and the recently reported ORF1p interaction profile with nuclear and cytoplasmic proteins [27] .
There are several technical differences between the previous studies detecting L1 ORF1p predominantly in the cytoplasm and those detecting it in both cellular compartments. Several previous publications detected L1 ORF1p in the cytoplasm of cultured cells using IHC [24] [25] [26] . The experimental approach reported here relies on western blot analysis, which has very different sensitivity limits compared to IHC when detecting a potentially diffuse signal. We also utilized untagged ORF1p, cognizant of the fact that protein tags are notorious for their ability to alter mammalian protein function and/or subcellular localization [41] . Consistent with these observations, fusion of the VP16 tag to the N-terminus of human or mouse ORF1p significantly increased their cytoplasmic localization, despite the fact that a known NLS sequence is contained within the Nterminal VP16 fusion domain (Figures 1 and 3 ). This change in the subcellular localization is accompanied by reduced steadystate levels of the human and mouse VP16 ORF1 fusion proteins (Figure 3) . While it was previously noted that some Nterminal fusions of ORF1p are not compatible with L1 retrotransposition [24] , not every N-terminal fusion affects L1 ORF1p localization (Figure 3) , suggesting that the altered subcellular localization is tag specific.
One of the other technical aspects of the two approaches (western blot and IHC) to consider is the sensitivity and specificity of the antibody. We cannot rule out the possibility that our antibodies detect nuclear and cytoplasmic forms of ORF1p, whether fused or unfused, with different efficiencies due to potential post-translational modifications. The same consideration applies to the IHC approach, where natively folded proteins are expected to be detected with antibodies recognizing denatured proteins. Additionally, ORF1p epitopes may also be obscured by protein-protein interactions, which are preserved when using IHC. This is especially concerning given that the L1 RNP (including all cellular factors) is largely poorly understood, with many potential ORF1p interacting partners having been recently identified [27] . It is quite likely that ORF1p epitopes in the functional RNP may be obscured by attendant proteins preventing detection by the antibody. Our observations provide important experimental evidence that studies of tagged L1 proteins should be thoroughly validated, and comparisons of results obtained using different techniques should be interpreted with the consideration of the limitations associated with each approach.
Since the exact mechanism responsible for nuclear L1 ORF1p localization remains unknown, our findings have important implications for the L1 replication cycle. It is currently not known how the L1 RNP gains access to the nucleus. It was previously proposed that ORF2p contains an NLS, which may facilitate nuclear entry of the L1 RNP [23] . Our data demonstrate that ORF1p may also contribute to L1 RNP entry into the nucleus, especially considering that it is likely that many more ORF1p than ORF2p molecules reside within an L1 RNP [20] [21] [22] . This role of L1 ORF1p may be extended to other L1-dependent retroelements that parasitize the L1 mobilization machinery. ORF1p is known to enhance Alu retrotransposition [29] , and our data open the possibility that this improvement may be due to the ORF1p-assisted entry of Alu RNPs into the nucleus.
In summary, we report an assay that provides a relatively easy analysis of L1 ORF1p self-interaction in mammalian cells. Our study demonstrates that transiently expressed mouse and human ORF1 protein is readily detected in the nuclear fractions of mammalian cells of human and mouse origin. This finding suggests that the ORF1p may be aiding in L1 and Alu RNP access to the nucleus. We also show that L1 ORF1 protein can interact in trans, raising the possibility of L1 retrotransposition interference by L1 loci expressing non-functional ORF1 proteins.
Materials and Methods
Cells
NIH-3T3 (ATCC CRL-1658) and HeLa (ATCC CCL2) cells were maintained as previously described [12] . PC3 cells (ATCC CRL-1435) were cultured in HyClone Dulbecco's modified Eagle's medium (DMEM) with L-Glutamine and Sodium Pyruvate (Thermo Scientific) with 10% fetal bovine serum (Invitrogen) and maintained under 5% CO 2 at 37 O C.
ORF1 Protein Self-Interaction in Mammalian Cells
Transfections
Western blot: HeLa and NIH-3T3 cells were seeded at 2x10 6 and 2.5x10 6 cells per T75 flask, respectively, and transfected 16-18 hours later with 5µg of expression plasmids containing wt and 3µg of plasmids containing codon-optimized mouse or human L1 sequences. Plus reagent (6µl) (Invitrogen) and lipofectamine (18µl (3T3) or 24µl (HeLa)) (Invitrogen) were used in the transfection reaction in serum-free media. Serumfree media was replaced with serum-containing media 3 hours after transfection and cells were harvested 24 hours later. Dose curve of ORF1p expression was performed by transfecting 1-6 micrograms of hORF1co expression plasmid, using the same conditions as above. Equal loading western blot: ( Figure S4B ). The loading amount of the western blot was the only deviation from the above mentioned western blot protocol. The amounts for each nuclear and cytoplasmic compartment pair were determined by the compartment that had the lowest percentage of total protein. The relative percentage of each compartment was between 2.1-3.8% of the total protein present in that compartment. Mammalian Two-hybrid (M2H, Promega): HeLa and 3T3 cells were seeded at 1.5x10 5 and 1x10 5 cells per well in a 6 well plate 18 hours prior to transfection. Each of the three M2H plasmids (0.1µg) were cotransfected using 1µl of plus reagent (Invitrogen) and 1.5µl of lipofectamine (Invitrogen). Media containing transfection cocktail was changed 3 hours after transfection and cells were harvested 48 hours later.
Protein harvest for western blot analysis
Cells were harvested using Triton lysis buffer, TLB, (50 mM Tris, 150mM NaCl, 10 mM EDTA, 0.5% TritionX 0.5%, pH=7.2) for collection of cytoplasmic protein or Triton sodium dodecyl sulfate lysis buffer, TLB SDS, (50 mM Tris, 150mM NaCl, 10 mM EDTA, 0.5% sodium dodecyl sulfate, TritionX 0.5%, pH=7.2) for nuclear and total protein harvesting. Lysis buffers were supplemented with Halt Protease inhibitors, and phosphatase inhibitors 2 and 3 (Sigma) at 10µl/mL each. The total and nuclear lysates were sonicated three times for 10 seconds at 12 watts RMS using a 3mm wide QSonica Microson homogenizer with Microson ultrasonic cell disruptor XL2000 (Microson).The protein concentrations of the lysates were determined using 595nm wavelength OD values against a Bovine Serum Albumin (BSA) standard.
For western blot analysis, samples (10-40µg) were combined with 2× Laemmli buffer, 1.6µl β-mercaptoethanol and boiled for 5 minutes prior to loading. Samples were fractionated on BisTris 4-12% Midi gels (Invitrogen) and transferred to nitrocellulose membranes (iBlot System; Invitrogen). Membranes were blocked for 1 hour in 5% milk in PBS-Tween and incubated with hORF1 (custom polyclonal Rabbit antibodies, epitope: TGNSKTQSASPPPK), mORF1 (custom polyclonal Goat antibodies, epitope: YRTPNRLDQKRNSS) or T7 (Cell signaling 6885s) antibodies overnight at 4 O C. Detection was carried out using horseradish peroxidaseconjugated secondary antibodies (Santa Cruz sc-2317 or Santa Cruz sc-2020) and developed using Immun-Star™ WesternC™ Kit (Bio-Rad, Cat. #170-5070). Equal loading and the quality of subcellular fractionation was confirmed with GAPDH antibodies (Santa Cruz sc-25778), Lamin A/C (Cell signaling 2032S) or Calregulin (Santa Cruz T-19) using the same protocol.
Non-reducing gels ( Figure 5 and Figures S5, S6 , S7 and S8). Transfected cells were lysed using TLB buffer supplemented with 0, 1, 13, or 25mM of N-ethylmaleimide (NEM) (Sigma E3876) dissolved in 100% ethanol (Sigma E7023). Non-NEM samples were supplemented with 100% ethanol equal in volume to the added NEM. The samples were sonicated 5 times for 5 seconds and kept on ice between sonications. Samples were combined with 2× Laemmli buffer without β-mercaptoethanol and heated at 85 O C for 5 minutes. Samples were fractionated on non-reducing denaturating SDS -PAGE (Bis-Tris 4-12% Midi gels (Invitrogen)) gels. Unless otherwise indicated, 25 mM of NEM was used.
Heterodimer formation analysis HeLa cells were individually transfected with ORF1 expression plasmids. Cells were transiently transfected with hORF1 or hGORF1 expression plasmids, trypsinized 24 hours later and mixed in equal amounts ( Figure S6 ). Total protein from the cell mixture was harvested as above with or without NEM. Protein samples were harvested without NEM from NIH-3T3 cells transiently transfected with hORF1 or hGORF1, then mixed in 1:1 ratio and incubated for 0, 5, 10, or 15 minutes ( Figure S7 ). Total protein was harvested with or without NEM from NIH-3T3 cells cotransfected with hORF1 and hGORF1 expression plasmids. Cells were then exposed to additional sonication in the presence of absence of NEM ( Figure S8 ).
Mammalian Two-Hybrid
Cells were harvested by scraping into 250 µL of 1x passive lysis buffer (Promega, E1960) subjected to freeze(-80 O C)/ thaw(25 O C) lysis x3. Supernatant was collected after centrifugation for 30 seconds at 1.61x10 4 rpm at 4 O C. The protein was quantitated using a BSA assay as described above. The cellular lysates were assayed according to manufacturer's protocol (Promega E1960, E2440) using Sirius luminometer (Titertek Berthold, Pforzheim, Germany). (Table S1 ) "hL1wt" is JM101/L1.3 no tag (L1.3) [16] . "hORF1co" is pBudORF1opt [29] . "mORF1co" is pBudORF1 syn [30] . "mL1wt" is L1 Spa [42] . "hORF1wt" is pBudORF1 L1.3 [29] . Human and mouse wild type L1 sequences used for cloning are L1.2 (L19088) and L1spa (AF160099) elements. pBud and pBudCE4.1 (Invitrogen) were used as the empty vector controls. hGORF1co expression plasmid was generated by PCR amplification of "hORF1co" with primers containing SgfI and PmeI restriction sites and subcloning the PCR fragment into the pFN11A vector (Promega). hVORF1co was generated by PCR amplification of "hORF1co" with primers containing SgfI and PmeI restriction sites and subcloning the PCR fragment into the pFN10A vector (Promega). The same approach using the above-mentioned expression vectors was used to generate hGORF1wt, hVORF1wt, mGORF1co, mVORF1co, mGORF1wt, mVORF1wt expression plasmids.
Plasmids
Statistical Analysis
Statistical significance was determined using a one-tailed Ttest with equal variance in excel using N=3 to 5. Error bars represent standard deviation. Figure S1 . Analysis of human and mouse ORF1p selfinteraction using the M2H system. M2H results for hVORF1co + mGORF1co and mVORF1co + hGORF1co interaction in HeLa cells normalized to positive control. No interaction is detected between these protein pairs (T-test, pvalue >0.05). Figure 4 , where the analysis was done by loading the same amount of protein for each subcellular fraction. Proteins in nuclear (N) and cytoplasmic (C) fractions were detected with human ORF1p-specific polyclonal antibodies. GAPDH (cytoplasmic marker) and Lamin A (nuclear marker) are used as loading and cell fractionation controls. 50 and 75 kDa are molecular weights. Control lanes indicate cells transfected with empty vector. C. Time course analysis of hL1wt protein expressed in transiently transfected HeLa cells. Cells were harvested over a 48 hour period at indicated time points (h) post transfection. hORF1p in nuclear (N) and cytoplasmic (C) fractions was detected with human specific ORF1p polyclonal antibodies. GAPDH (cytoplasmic marker) and Lamin A (nuclear marker) are used as loading and cell fractionation controls. D. Western blot analysis of a dose curve: HeLa cells were transfected with increasing amounts of hORF1co plasmid (1 to 6 micrograms (µg)). The same loading controls and antibodies were used as in B and C. 37 kDa is a molecular weight. E. Multiple conditions for processing were used to rule out the effect of the duration of cell lysis and sample processing on ORF1p subcellular localization. The duration of cell lysis on ice, centrifugation time, or centrifugation speed did not have any effect on the ORF1p subcellular localization. ORF1p in nuclear (N) and cytoplasmic (C) fractions was detected with human-specific ORF1p polyclonal antibodies. GAPDH (cytoplasmic marker) and Lamin A (nuclear marker) are used as loading and cell fractionation controls. 
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